Summary. This study demonstrates polymorphisms in both the length and in the restriction enzyme cleavage sites of honeybee mitochondrial DNA (mtDNA). The levels of variation are typical of those found in other metazoan species. These polymorphisms are potentially useful for the identification of Africanized bees in the western hemisphere and for study of honeybee phylogenetics. Key words. Mitochondrial DNA; restriction site polymorphisms; Apis mellifera; Africanized honey bees.
The honeybee, Apis mellifera, is native to Eurasia and Africa and has been transported by humans over most of the world. It is divided into approximately 30 geographic subspecies which differ in behavior and morphology 1-5. New World honeybees are hybrids of several subspecies, primarily European A.m. ligustica, mellifera, and carnica 6 -9. A. m. scutellata (formerly adansonii 1~ 11 ) from southern Africa was introduced into Brazil in 1956. An accident permitted escape of 26 swarms; their descendants established feral populations and hybridized with managed European bees, giving rise to the population known as Africanized bees [12] [13] [14] . This population, which has gained notoriety because of its aggressive nest defense 13-15, has spread over most of South and Central America and is expected to establish feral populations in the United States within five years 16-18 with undesirable consequences for public health, bee-keeping and agriculture 17, 19 Effective methods are needed to monitor the spread of Africanized bees and to enable commercial bee breeders to certify non-Africanized stock. Variation in allozymes, nuclear DNA, morphology and cuticular hydrocarbons have been investigated as potential identification tools. Few polymorphic enzyme loci have been detected in honeybees 20, z9 and none of the allozymes in polymorphic systems are unique to the African subspecies zl. z4, 26, 30, 31. The use of cuticular hydrocarbons is promising 32-34, but their heritability has not been demonstrated. Recently Hall 35 compared three American hives and one Africanized hive by probing fragments of nuclear DNA generated by restriction endonucleases with cloned fragments of low copy-number honeybee nuclear DNA sequences and found differences between the American hives and the Africanized hive; larger samples will be needed to evaluate this technique. Morphometric measurement is the most reliable identification tool currently available 36-3s but it also has shortcomings. For example, some important characters, particularly size, are environmentally influenced; and the technique may be of little use in detecting Africanized bees which have back-crossed for several generations to European bees. All of these methods involve traits that are presumably biparentally inherited and subject to recombination, making interpretation of data difficult in populations containing hybrids and hybrid backcrosses. Variation in mtDNA is potentially useful both for identification and for phylogenetic analysis of honeybee subspecies. Animal mtDNA is maternally inherited 39-45 and does not appear to undergo recombination 46, 47. Thus the entire mitochondrial genome is inherited as a unit and hybrid populations retain the mtDNA characteristic of their maternal ancestors (except for new mutations The study presented here investigates mtDNA from samples of American honey bees of European descent and Africanized bees from Brazil. A restriction site map for honeybee mtDNA is presented, and restriction site and length polymorphisms in samples of European (American) and Africanized bees are noted. Materials and methods. Samples of adult worker honeybees were collected from two domesticated (USA 1 and USA 3) hives and one feral (USA 2) hive from Washtenaw County, Michigan, USA, and from five Africanized hives (BRZ 1, BRZ A, BRZ B, BRZ C, BRZ D) from the apiary of the University of S~o Paulo, Ribeir~o Preto, S. P., Brazil. A mtDNA sample from each hive was prepared from pooled flight muscle tissue of 100 adult worker bees. MtDNA was prepared according to the method of Brown 49 with the following modifications to the tissue homogenization procedure: Flight muscle (intact thoraces) was ground on ice in a glass mortar and pestle in a buffer consisting of 0.25 M sucrose, 10 mM NaC1, 10 mM Tris, 100 mM EDTA, pH 7.5; the tissue was then reground with a hand-held ground-glass tissue homogenizer. The tissue/buffer mixture was centrifuged for 5 min at 1200 • g, 4 ~ to pellet large cellular debris. The pellet was resuspended in fresh buffer and ground for 30-60 s with a Tekmar Tissumizer at the highest speed. This was then centrifuged for an additional 5 rain at 1200 • g, 4 ~ The pellets were then discarded. If the flight muscle tissue is not vigorously ground, the mitochondria adhere to the large cellular debris and are lost. Each of the eight mtDNA samples was digested with restriction enzymes cleaving 6-bp sites (AccI, AvaI, BclI, EcoRI, HincII, HindIII, NdeI, PstI, PvuII, and XbaI). The resulting fragments were endlabeled with 32p-nucleosides, separated on 1.2% agarose and 3.5% polyacrylamide gels so, 51, and visualized by autoradiography. A map of 6 base cleavage sites was constructed by means of double digests. The sizes of the mtDNA molecules were estimated by summation of restriction fragment sizes. Pairwise sequence divergence estimates for different mitochondrial genomes ('restriction morphs') were calculated from map comparisons using the method of Nei and Tajima 52.
Results. Polymorphisms were found in the number of restriction sites for BclI, EcoRI, NdeI, and XbaI (e.g., fig. 1, 2) . Four different restriction patterns (restriction morphs) were found ( fig. 4) : USA 2 and USA 3 shared one pattern; BRZA, BRZB, BRZC, and BRZD shared a second pattern; and USA 1 and BRZ 1 each had a unique pattern. There is also evidence for variation in the size of honey bee mtDNA. The mtDNAs from the American samples were approximately 16450 bp; the mtDNAs from the Brazilian samples were figure 4 shows the location of the restriction sites generated by AvaI, BclI, EcoRI, HincII, HindIII, NdeI, PstI, PvuII, and X b a I in each of the 4 restriction m o r p h s ; the location of the 2"]0 bp difference between the Brazilian and American samples; and the locations of size differences between BRZ1 and the other Brazilian samples. Slight variations in length were also observed a m o n g the three American hives, but these have not been mapped. Pairwise sequence divergence estimates for the 4 restriction m o r p h s are presented in the table. Sequence divergence between the two restriction m o r p h s found in the American samples is estimated to be 0.7 % ___ 0.5 and divergence between the two restriction m o r p h s found in the Brazilian samples is 0.4% _+ 0.4. Divergence between restriction m o r p h s of American a n d Brazilian origin is estimated as 1.7% _+ 0.9 to 2.6% _+ 1,1. Because of the large stanSequence devergence between mtDNA samples: The method of Nei and Tajima 5z was used to estimate mean number of nucleotide substitutions per site and standard error of the mean (in parentheses) using cleavage site comparisons of the 9 enzymes mapped in figure 1 ; abbreviations as in figure 1. dard errors these differences are not significant; that is, these data are not sufficient to show that significantly more base pair substitutions have accumulated between the 'American' and 'Brazilian' mitochondrial genomes than between the two 'American' genomes or between the two 'Brazilian' genomes. The large standard error in these estimates may be reduced in the future by mapping additional restriction sites. Discussion. These results provide evidence for levels of variation in honeybee mtDNAs that are well within the range typically observed for metazoan species 45. These results also show that there is more variation in honeybee mtDNA than the study of Moritz et al. 48 initially indicated. Two types of comparisons can be made using data from mtDNA restriction site maps: estimates of sequence divergence between mitochondrial genomes (above and in the 
